Background and objectives Children with nephrotic syndrome can develop life-threatening complications, including infection and thrombosis. While AKI is associated with adverse outcomes in hospitalized children, little is known about the epidemiology of AKI in children with nephrotic syndrome. The main objectives of this study were to determine the incidence, epidemiology, and hospital outcomes associated with AKI in a modern cohort of children hospitalized with nephrotic syndrome.
Introduction
Nephrotic syndrome (NS) is among the most common kidney diseases seen in childhood. Children with NS develop a variety of acute complications that can be serious and life-threatening, including infections, venous thromboembolism (VTE), and AKI. While the clinical implications of infection and VTE on children with NS are clear, the epidemiology and outcomes of AKI remain unclear. Using data from the Healthcare Cost and Utilization Project Kids' Inpatient Database (HCUP-KID), we recently reported an 8.5% incidence of AKI in children hospitalized with NS (1, 2) .
AKI has been identified as a risk factor for adverse outcomes among hospitalized children in both general and critical care settings (3) (4) (5) . AKI is common in hospitalized adults with idiopathic NS, with up to 34% meeting any RIFLE criteria; however little is known about AKI in children with idiopathic NS (6) . Children with active NS have a number of potential risk factors for the development of AKI, including intravascular volume depletion, infection, exposure to nephrotoxic medication, and renal interstitial edema leading to vascular congestion (7, 8) . Nephrotoxic medications are an important modifiable risk factor for the development of AKI in hospitalized children (9) . This may be especially important in children with NS because nephrotoxic medications are used to treat both the underlying disease (calcineurin inhibitors [CNIs] , angiotensin-converting enzyme inhibitors [ACE-Is]) and its complications (antibiotics, diuretics). Infection is also frequent in this population, leading to potential exposure to nephrotoxic antibiotics, but detailed reports on the implication or burden of nephrotoxic medication exposure are lacking (10) .
This multicenter retrospective study of hospitalized children with NS aimed to (1) describe the incidence of AKI through use of the pediatric version of the RIFLE AKI definition (pRIFLE), (2) evaluate known risk factors (nephrotoxic medications, infection, demographic characteristics) associated with the development of AKI, and (3) investigate the association of AKI with outcomes (length of stay [LOS] ). We hypothesized that AKI would be common and would be associated with increased LOS in hospitalized children with NS.
Materials and Methods

Data Source and Case Definitions
This is a multicenter retrospective study from 17 Midwest Pediatric Nephrology Consortium centers from across North America. Local institutional review board or research ethics board approval was obtained at each participating center. All hospitalizations for children #18 years of age discharged from participating centers between January 1, 2010, and December 31, 2012, with a discharge diagnosis of NS were reviewed. NS was defined using International Classification of Diseases, Ninth Revision, Clinical Modification (Centers for Disease Control and Prevention, Atlanta, GA) codes 581.0-3, 581.8, 581.9, 582.1, and 583.1. Hospitalizations were not recorded if children were receiving long-term RRT at admission (dialysis or kidney transplantation); were admitted for planned initiation of long-term RRT, kidney biopsy, or infusion therapy; or had known secondary NS at admission (e.g., lupus, IgA nephropathy, Henoch-Schönlein purpura, and so on). Hospitalizations were excluded for analysis if the child had CKD stage $III at admission (11), if hospital LOS was #1 day or only one creatinine value was obtained, or if the child was in remission of NS at admission (defined as urine dipstick negativity or trace result for protein or protein-to-creatinine ratio ,0.2 mg/mg).
Individual patient charts were reviewed for demographic and clinical data for each hospitalization. Steroid-resistant, steroid-sensitive, infrequently relapsing, frequently relapsing, and steroid-dependent NS were classified as per standard definitions (12) . The method of laboratory determination of creatinine value was noted (Jaffe or isotope dilution mass spectrometry). For hospitalizations in which the Jaffe method was used, eGFR was calculated with the original Schwartz formula with a constant of 0.45 for children younger than 1 year, 0.55 for female and male patients #12 years, and 0.7 for male patients $13 years (13). For hospitalizations that used the isotope dilution mass spectrometry enzymatic method, eGFR was calculated with the updated Schwartz equation (14) . Baseline creatinine value was defined as the most recent creatinine value before admission obtained within the prior 6 months. If no prior creatinine value was available, then the lowest creatinine value obtained during the hospitalization was defined as the baseline value. AKI was defined according to pRIFLE score through use of GFR criteria only (stage R, eGFR decreased by 25%; stage I, eGFR decreased by 50%; stage F, eGFR decreased by 75% or eGFR ,35 ml/min per 1.73 m 2 ) (15). Renal biopsy findings were included in the minimal-change disease (MCD) category if they had any degree of mesangial hypercellularity. Infection was diagnosed according to local criteria and included peritonitis, cellulitis/skin infection, pneumonia, urinary tract infection, and bacteremia/ sepsis.
Nephrotoxic medications were defined as in Moffett and Goldstein (16) . Nephrotoxic medications received by each patient were recorded for each day of the hospitalization. "Medication exposure" was defined as the number of different nephrotoxic medications that children received as inpatients. "Days of medication therapy" was defined as the number of days that a child received a nephrotoxic medication and was cumulative for each medication exposure (i.e., a child who received three medications for 3 days each had 9 total days of medication therapy). "Medication exposure intensity" was defined as the number of concomitant nephrotoxic medication exposures for a child (i.e., a child who received three medications on day 1 would have a medication exposure intensity of three, whereas a child who received three medications sequentially with no overlap would have a medication exposure intensity of one) (16) .
Statistical Analyses
Descriptive statistics are shown as frequency and percentage or as mean6SD as appropriate. AKI and non-AKI groups were compared using a generalized estimating equation (GEE) model to account for within-patient correlation. Logistic regression with GEE was applied to test the association between AKI and its risk factors. For infection and medication exposure, the following were adjusted for in the model: age at admission, race/ethnicity, and clinical diagnosis. The association between home medication use and AKI at admission was examined in a similar fashion. LOS was transformed into a natural log scale because of skewed distribution. Multivariate linear regression with GEE was performed to test the association between LOS and AKI adjusting for age at admission, sex, race/ethnicity, clinical diagnosis, and infection. All analyses were performed using the SAS system, version 9.3 (SAS Institute, Cary, NC). P values are two sided, and a P value ,0.05 is considered to represent a statistically significant difference.
Results
Cohort Demographic and Clinical Characteristics
We identified 370 children with 730 hospitalizations that met inclusion criteria at the participating centers. After exclusion of hospitalizations for CKD stage $ΙΙΙ, remission status, or LOS #1 day, 336 children with 632 hospitalizations remained. Seventeen hospitalizations were missing height data with which to calculate eGFR and were therefore excluded, permitting a final analysis of 336 children with 615 hospitalizations. Most children were excluded for CKD stage III or greater on admission. In keeping with this, excluded children were older (mean age, 8.5 years versus 6.2 years; P=0.003) and more likely to have FSGS (P=0.05) and steroid-resistant NS (SRNS; P=0.01). Demographic and clinical information is listed in Table 1 . We found that 60.1% of children had only one hospitalization during the study period, 21.7% had two hospitalizations, 7.1% had three hospitalizations, and 11.1% had four or more hospitalizations.
AKI Incidence and Risk Factors
At least one episode of AKI (any pRIFLE stage) was experienced by 58.6% (n=197) of children. A sizeable number of children had multiple hospitalizations with AKI, including 7.7% (n=26) with two episodes, 4.2% (n=14) with three episodes, and 3.9% (n=13) with four or more episodes of AKI during the 3-year study period.
In total, 50.9% of NS hospitalizations were complicated by any pRIFLE stage of AKI (Figure 1) . A total of 27.3% (n=168) of hospitalizations met the stage R criteria, 17.2% (n=106) met stage I criteria, 6.3% (n=39) met stage F criteria, and 2.0% (n=12) required RRT. A single patient death was reported during a hospitalization complicated by superior vena cava thrombosis, polymicrobial sepsis, and stage F AKI, resulting in an estimated overall mortality rate of 0.16 per 100 hospitalizations.
The risk for AKI did not significantly differ by sex, age at admission, biopsy diagnosis, CKD stage II at admission, serum albumin at admission, center volume, or administration of computed tomographic contrast medium ( Figure  2 , Table 2 Children hospitalized with NS frequently received nephrotoxic medications. Almost 53% of hospitalizations were complicated by at least one nephrotoxic medication exposure during the hospital stay, while 20.9% were exposed to at least two, and 5.1% were exposed to three or more. The most commonly received nephrotoxic medications were ACE-Is (27.8% of hospitalizations), CNIs (25.5%), and nephrotoxic antibiotics (20.3%) ( Table 3 ). Increasing number of nephrotoxic medications, days of exposure, and intensity of exposure were all associated with higher risk for AKI ( Table 2 ). The final multivariate logistic regression model for AKI risk included race/ethnicity, age at admission, sex, and clinical diagnosis. After adjustment for these variables, infection (OR, 2.24; 95% CI, 1.37 to 3.65; P=0.001), nephrotoxic medication exposure (OR, 1.35; 95% CI, 1.11 to 1.64; P=0.002), days of nephrotoxic medication exposure (OR, 1.10; 95% CI, 1.05 to 1.15; P,0.001), and medication exposure intensity (OR, 1.34; 95% CI, 1.09 to 1.65; P=0.01) remained significantly associated with AKI in children with NS.
The peak creatinine value was on day 1 of admission in 46.3% of hospitalizations with AKI ( Figure 3) . We thus examined whether exposure to diuretics or nephrotoxic medications at home may increase the risk of AKI on admission. A total of 23.5% children were receiving loop diuretics, 24.2% were receiving CNI, and 27.6% were receiving ACE-Is or angiotensin-receptor blockers before admission. None of these home medications were associated with higher risk of AKI on admission (ACE-I/ angiotensin-receptor blocker P=0.87; loop diuretic P=0.67; CNI P=0. 19) .
AKI was associated with a longer LOS (mean duration, 1.7360.63 [log]days compared with 1.2660.49 [log]days for hospitalizations without AKI; P,0.001). In addition, children with more severe stages of AKI had longer hospitalizations, ranging from 1.5960.52 (log)days for stage R to 1.6660.52 (log)days for stage I, and to 2.560.82 (log) days for stage F (Figure 4) . AKI during the hospitalization Figure 2 . | Infection, nephrotoxic medication exposure, steroid-resistant nephrotic syndrome, and FSGS are all risk factors for AKI in children with nephrotic syndrome. Sex, use of computed tomographic (CT) contrast medium, and CKD stage at admission were not associated with risk of AKI. Steroid-resistant nephrotic syndrome (SRNS), FSGS, infection, nonwhite race, and nephrotoxic medication exposure were all significantly associated with the risk of AKI in children hospitalized with nephrotic syndrome. Error bars represent 95% confidence intervals. Exp, exposure; Int, intensity; MCD, minimal-change disease; Ref, reference; SDNS, steroid-dependent nephrotic syndrome; SSNS-FR, steroidsensitive nephrotic syndrome-frequently relapsing; SSNS-IR, steroid-sensitive nephrotic syndrome-infrequently relapsing.
was also associated with increasing need for intensive care unit (ICU) admission; 7.4% of hospitalizations with AKI requiring ICU care compared with 3.3% of hospitalizations without AKI (P=0.02).
The final multivariate linear regression model for LOS included race/ethnicity, age at admission, sex, clinical diagnosis, and infection. After adjustment for these variables, AKI remained significantly associated with LOS in children with NS (difference, 0.45 [log]days; 95% CI, 0.36 to 0.53 [log]days; P,0.001). A sensitivity analysis excluding hospitalizations with stage R AKI was performed. This analysis confirmed a significant increase in adjusted LOS in children with stages I and F compared with those with no AKI (data not shown).
Twenty-three patients with AKI underwent a kidney biopsy during their hospital stay. Causes of AKI included ATN in four patients with MCD and interstitial nephritis in one patient with MCD. In the remainder of biopsy specimens, no specific cause for AKI other than the underlying disease was identified.
Discussion
This multicenter study is the largest to date examining AKI in hospitalized children with NS. To our knowledge, this is the first study to describe the incidence of AKI (50.9%) according to a modern definition (pRIFLE) of AKI as well as the risk factors associated with the development of AKI in children hospitalized with NS. We also report that children hospitalized with NS have significant nephrotoxic medication exposure, which is associated with risk for AKI.
To date, few reports have discussed on the incidence of AKI in hospitalized children with NS. The published literature has been limited to the secondary analysis of large data sets, such as the HCUP-KID data set, which rely on discharge diagnosis of AKI. In recent studies that used the HCUP-KID dataset, the rates of AKI in children hospitalized with NS were reported to be 8.5%-9.1% in 2009 (1, 17) . Here, we report a much higher incidence of AKI of 50.9%, which likely reflects several factors. First, mild degrees of AKI are commonly overlooked and not recorded on the discharge summary (18, 19) . Second, we used a standardized definition of AKI, which undoubtedly led to increased recognition of AKI. Our high reported incidence of AKI in this cohort did not represent only mild degrees of AKI, however. Moderate to severe grades of AKI were also frequent in this population. The need for RRT (2.0%) was about the same as the incidence of VTE in this cohort (1.8%; VTE is a more well known serious complication of NS) (20) .
In this study, we sought to identify specific risk factors associated with the development of AKI. Frequently, AKI is attributed to prerenal azotemia from intravascular volume depletion in children with NS. To evaluate this, we measured the timing of AKI and found that 46.3% of patients had a peak creatinine value on the day of admission, which is consistent with this hypothesis. Interestingly, home loop diuretic use was not associated with risk of AKI on the day of admission, suggesting that other factors may be playing a role. A limitation of this study is that the fractional excretion of sodium and change in body weight and creatinine value over the first 24 hours of admission could not be recorded to allow us to determine whether prerenal azotemia was a possible cause of AKI on admission. While a significant number of AKI episodes were present on admission, well over 50% occurred after the first day of admission. This unexpected finding highlights the contribution of the development of intrinsic AKI during the hospitalization to the overall incidence and importance of potentially modifiable risk factors, such as nephrotoxic medications. Indeed, structural urinary biomarkers such as neutrophil gelatinase-associated lipocalin (NGAL), that are typically upregulated in intrinsic AKI but not in functional prerenal azotemia, are also dramatically elevated in children with NS (21, 22) . These findings further support the notion that observed AKI is not merely due to intravascular volume depletion. The clinical utility of NGAL to differentiate between volume depletion and intrinsic AKI in NS presenting with an increased serum creatinine value remains to be explored, although it is established in other medical conditions (23, 24) .
Children in this cohort had a high exposure to nephrotoxic medications. Importantly, nephrotoxic medication exposure was strongly associated with the risk of AKI. The most common nephrotoxic medication exposures were ACE-Is, CNIs, and antibiotics. A limitation of this analysis is that drug levels could not be evaluated. There is some evidence for altered pharmacokinetics for nephrotoxic agents, such as gentamicin, in nephrotic children, which may increase their drug exposure (10). We were unable to (14) Other (topiramate, sirolimus) 0.3 (2) ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensinreceptor blocker; NSAID, nonsteroidal anti-inflammatory drug. Figure 3 . | The majority of children with AKI experience their peak creatinine value on day 2 of hospitalization or later. For children with AKI, the day of peak creatinine value was most often the day of hospitalization (46.3%); however, the majority of children experienced AKI on day 2 or later.
determine whether increased incidence of AKI in children treated with nephrotoxic agents was due to elevated levels or simply to exposure at therapeutic levels. In the hospitalized general pediatric population, interventions based on electronic medical records are now being explored in an attempt to decrease nephrotoxic medication exposure and risk of AKI (25) . These and other interventions may be required to reduce the incidence of AKI in this high-risk population of children with NS. Hospital LOS was longer in children with more severe stages of AKI. In addition, children with AKI were more likely to require ICU care. Efforts to decrease the incidence of AKI in this population may have a substantial effect on not only patient morbidity but also health-care costs.
Children with NS are a population at risk for progressive CKD, particularly children with SRNS who have a 5-year renal survival rate of 72%-94% (26, 27) . Recently, there has been increasing recognition that AKI is a risk factor for development and progression of CKD in children (28, 29) . The contribution of individual episodes of AKI in children with NS to progressive CKD remains largely unstudied. Furthermore, it is unclear whether episodes of prerenal AKI are less hazardous in the long term for children than episodes of intrinsic AKI associated with nephrotoxic medications or other causes. An interesting finding is that 15.8% of patients had multiple episodes of AKI. To riskstratify patients, we identified children with SRNS as having the highest risk of AKI in this cohort; thus, enhanced efforts to eliminate or minimize episodes of AKI in this subgroup of children with NS may improve longterm renal outcomes for these children. Further long-term follow-up studies should use newer biomarkers of renal injury, such as NGAL, in the NS population to more accurately determine correlations between AKI and long-term outcomes (22) .
This report has several limitations. AKI was defined by the pRIFLE classification system (15) . Since the publication of pRIFLE, other scoring systems for pediatric AKI have also been published and widely adopted, including the AKI Network (AKIN) and Kidney Disease Improving Global Outcomes (KDIGO) classifications (30, 31) . In a recent comparative study, pRIFLE was the most sensitive classification system for AKI, leading to the highest percentage of hospitalizations meeting criteria for AKI compared with AKIN or KDIGO (32) . Despite minor differences in the assignment of hospitalizations to AKI stage depending on which of the three classification systems is used, overall there is good correlation among them, as well as good correlations between increasing AKI stage in any classification system and increased LOS and mortality (32) . Therefore, AKI rates may have been slightly lower if the AKIN or KDIGO classifications had been used in this study. Another limitation of this study is its retrospective nature, requiring future prospective studies to confirm our findings of a high incidence of intrinsic AKI in NS, and its immediate and long-term consequences.
In summary, this manuscript describes a comprehensive evaluation of AKI incidence and risk factors in a modern cohort of children hospitalized with NS in a representative cross-section of children from pediatric nephrology centers across North America. The long-term renal risk of AKI episodes in children with NS is unknown but deserves further study.
